Copper chalcogenides find applications in different domains including photonics, photothermal therapy and photovoltaics. CuTe nanocrystals have been proposed as an alternative to noble metal particles for plasmonics. Although it is known that deviations from stoichiometry are a prerequisite for plasmonic activity in the near-infrared, an accurate description of the material and its (optical) properties is hindered by an insufficient understanding of the atomic structure and the influence of defects, especially for materials in their nanocrystalline form. We demonstrate that the structure of Cu 1.5 ± x Te nanocrystals can be determined using electron diffraction tomography. Real-space high-resolution electron tomography directly reveals the three-dimensional distribution of vacancies in the structure. Through first-principles density functional theory, we furthermore demonstrate that the influence of these vacancies on the optical properties of the nanocrystals is determined. Since our methodology is applicable to a variety of crystalline nanostructured materials, it is expected to provide unique insights concerning structure-property correlations.
A lthough nanoplasmonics has been mostly restricted to the use of noble metal nanocrystals, several concerns regarding optical losses have promoted the study of a variety of alternative plasmonic (nano)materials, including copper-deficient copper chalcogenides 1 . Most studies were carried out with copper sulfides and selenides, but plasmon tunability has also been demonstrated on copper telluride nanocrystals, not only via carrier density but also via size and morphology control 2 . Interestingly, the Cu:Te ratio has been reported to affect the crystal structure. Indeed, the complex Cu-Te phase diagram reveals several phases such as orthorhombic CuTe, hexagonal Cu 2 Te and Cu 3 Te 4 phases as well as non-stochiometric Cu 2 À x Te structures [3] [4] [5] . Recently, Li et al. 6 reported that copper telluride nanocrystals, grown using a hot injection-like method, displayed a novel crystalline phase yielding interesting plasmonic properties towards sensing applications. Further progress in the optimization of the physical properties of the material requires an accurate determination of the local structure of the compound, which however has remained unknown so far because of its complexity.
Structure determination of complex nanomaterials is far from straightforward and is one of the main challenges in the field of crystallography. In addition, such studies become increasingly demanding for materials that lack perfect ordering or display disorder 7, 8 . For X-ray and neutron diffraction, total scattering methods and pair distribution function theories are exploited to study structures containing correlated disorder 9 . For submicrometre-sized crystals, electron crystallography is often used and recent progress was initiated by the development of three-dimensional (3D) electron diffraction methods, such as rotation electron diffraction (RED) 10 and automated diffraction tomography 11 . These methods were successfully applied to unravel the structure of a broad variety of materials, including zeolites [12] [13] [14] , metal organic frameworks 15 and complex alloys 16 . Although these techniques are at the forefront of structure characterization, major progress, especially for nanocrystals, is still required.
Over the last decades, real-space electron tomography has evolved into a standard technique to investigate the morphology of nanomaterials 17 . The technique is based on the combination of multiple two-dimensional (2D) transmission electron microscopy (TEM) images acquired along different tilt angles. Recently, the quality of the 3D reconstructions has been significantly improved through the use of advanced reconstruction algorithms and, as a result, 3D imaging with atomic resolution is now possible [18] [19] [20] [21] , thereby allowing monitoring and quantification of effects such as surface relaxation or strain in nanoparticles 22 . However, most of these atomic-scale 3D studies have so far been performed on noble metal nanoparticles, featuring a known and simple crystal structure.
We report here the solution of a much more challenging problem: the crystal structure of defective copper telluride nanocrystals using a combination of electron diffraction tomography and high-resolution real-space tomography. This combination provides an exciting insight into the distribution of Cu vacancies within the framework of Te atoms. The characterization was complemented by means of energy-dispersive X-ray spectroscopy (EDX) and electron energy loss spectroscopy (EELS). The outcome of our experiments was used as a realistic input model for ab initio calculations that enabled us to establish the connection between the atomic structure and the optical properties of this material. Our methodology is furthermore applicable to investigate a broad range of nanomaterials.
Results

Synthesis.
The preparation of copper telluride nanoplates was based on the method reported by Li et al. 6 , who demonstrated the synthesis of nanocubes, nanorods and nanoplates of a novel copper telluride phase with the aid of the moisture-sensitive compound LiN(Si(CH 3 ) 3 ) 2 . Although the reported synthesis involved two 'hot injection' steps and the subsequent addition of oleic acid at 70°C during cooling to replace the weakly bound oleylamine, we obtained similar nanostructures through a one-pot approach; powder X-ray diffraction pattern (PXRD) confirmed that the phase of the obtained nanocrystals was the same as previously reported. The only pre-synthetic step in our synthesis involved the preparation of the trioctylphosphine telluride (TOP)-Te precursor. This is required since elemental tellurium is not soluble in oleylamine or oleic acid. The most important synthetic novelty is the simplicity of our approach: it is a simple 'heat-up' protocol, does not involve hot-injections of the precursors, is highly reproducible and can be scaled up by a factor of ca. 5. All reagents were mixed at room temperature and subsequently heated at 200°C for 20 min under Ar atmosphere (see Methods section for further details).
Structural characterization. A high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) overview of the resulting CuTe nanocrystals is shown in Fig. 1a . Using this technique, the image intensity scales with the atomic number Z of the elements present in the sample as well as with sample thickness. To investigate the morphology of the nanocrystals, a tilt series of HAADF-STEM images was acquired over a tilt range of ± 72°and used as input for a 3D reconstruction algorithm 23 . It is clear that the particles yield a cuboid morphology with two longer dimensions, referred to as a and b, and a third shorter dimension called c, see Fig. 1b . Interestingly, EELS measurements in the low-loss region demonstrate a plasmon resonance in the range of 1.1-1.7 eV (Fig. 1c and Supplementary Fig. 1 ). These results confirm the plasmonic activity as previously reported 6 .
A high-resolution HAADF-STEM image was acquired along one of the long directions, a, of the cuboid particle, see Fig. 1d . In this image, the brighter dots (indicated by red circles) correspond to Te (Z ¼ 52) positions, whereas the less bright positions indicated by blue circles correspond to columns of Cu atoms (Z ¼ 29). The pattern in the figure indicates a complex, modulated structure, suggesting the presence of vacancies at the Cu positions. An image acquired along the shorter direction, c, of the cuboid (Fig. 1e) does not show this modulation. To determine the structure of the nanocrystals, PXRD was applied. However, the pattern contains broad peaks, as can be seen in Fig. 1f , preventing direct structure determination from the data.
To investigate the atomic structure in more detail, a tilt series of selected area electron diffraction (SAED) patterns was acquired from a CuTe nanocrystal over a tilt range of À 62.9°/ þ 64.2°w
ith an increment of 0.1°. More information on the experimental conditions can be found in the Methods section. Next, this tilt series was combined into a 3D reconstruction of the reciprocal lattice, as shown in Fig. 2a . The 3D reciprocal lattice yields a combination of weak and strong reflections. The strongintensity reflections can be indexed in a cubic unit cell with an average cell parameter of 7.51 Å. These results are in good agreement with Fig. 1d ,e, where this unit cell can indeed be used to describe the contrast related to the Te lattice, observed along the [100] and [001] directions. An analysis of the reconstructed diffracted intensities suggests systematic absences for reflections within the (hhl) and (00l) groups with odd l indices. This leaves two possible space groups for the average structure: Pm-3n (No. 223) and P-43n (No. 218). Ab initio structure determination using direct methods in the space group Pm-3n resulted in a basic structure yielding eight Te atoms and 24 possible sites for Cu in one unit cell, which is illustrated in Fig. 3a ; for crystallographic details see Supplementary Table 1 and Supplementary Note 1. Both space groups Pm-3n and P-43n gave equivalent solutions; hence, the higher-symmetry space group Pm-3n was selected. To the best of our knowledge this structure is a novel phase within the Cu-Te system and it is not isostructural to any other crystalline phase with related composition.
Quantitative EDX measurements, presented in Supplementary  Fig. 2 and Supplementary Table 2, show that the actual Te:Cu ratio equals 1:1.5, meaning that only half of the possible Cu positions in the average crystal structure are expected to be filled. A refinement based on the electron diffraction data was performed and converged to an R-value of 12.94%. All Cu atoms are coordinated by four Te atoms with tetrahedral geometry. All Te atoms are coordinated by 12 Cu atoms, each of them with 0.5 occupancy, yielding an average coordination number of 6. The bond distances are in the range 2.51-2.70 Å. The coordination as well as bond distances are well in accordance with other known CuTe phases [24] [25] [26] . A high-resolution EDX map, see Fig. 3c , was acquired from the region indicated in Fig. 3b . It can be seen that the distribution of Te is in good agreement with the average structure model obtained by 3D electron diffraction. The distribution of Cu will be discussed in more detail below.
In addition to the stronger reflections used for structure determination, weaker reflections can be observed. The reflections can be indexed using a superstructure with a four times larger unit cell along the c direction, the shorter direction of the particle, and three times longer along the a direction, see Fig. 2a . The modulation along the c axis often occurs as one reflection on each side of the stronger reflections of the substructure. In between the reflections, diffusely scattered intensities can be observed, indicating disorder along the c axis, see Fig. 2a ,b. The three times modulation is significantly weaker compared to the modulation along the c direction and is consistent with observations by Tu et al. 27 .
The results presented above demonstrate that the combination of electron diffraction tomography and EDX yields some first insights in the average structure of the Cu-Te nanocrystals.
However, more precise details on the complex distribution of the vacancies require the use of suitable imaging methods. In the HAADF-STEM images acquired along the [100] direction the contrast distribution in between the Te atoms is clearly inhomogeneous (Fig. 4a ). An overlay with the average structure clearly shows fluctuations at the Cu positions. The image shows columns of the lighter Cu atoms, in accordance with the coordinates obtained from electron diffraction. However some of the Cu positions appear black; indicating vacant positions. The ordering of the Cu is clearly visible when the nanocrystals are imaged along either of the two longer dimensions, a or b. In order to determine the 3D distribution of the vacancies, high-resolution electron tomography is required. Although this technique was already introduced as a suitable method to investigate model-like and stable (noble metal) nanoparticles [18] [19] [20] [21] , the determination of the vacancy distributions in a disordered structure is still highly challenging.
We carried out a tomographic reconstruction based on five high-resolution HAADF-STEM images acquired with the rotation axis oriented along the short dimension of the cuboid nanocrystal, see the projection images in Supplementary Fig. 3 . These five images were used as input for a tomographic reconstruction based on compressed sensing 28 . From the resulting tomographic reconstruction, the heavier Te atoms were found to be in good agreement with the atomic positions determined from 3D electron diffraction ( Supplementary Fig. 4) . However, the reconstruction does not yield any information concerning the presence of vacancies and is dominated by the intensities of the heavier Te atoms. In order to overcome this limitation, the positions of the Te atoms in one unit cell, as determined by 3D electron diffraction, were used as a template, which was fitted to the 3D reconstruction using the compressed sensing algorithm. Next, a continuous reconstruction algorithm was alternated with this template-matching method. Since the positions of the Te atoms can be refined using this procedure, the iterative coupling with the projection data leads to a gradually improving 3D reconstruction of the Cu distribution in between the Te atoms. Orthoslices through the reconstruction, perpendicular to the [100] and [010] directions, are presented in Fig. 4b and enable a visualization of the distribution of vacancies in 3D. In this figure the low-intensity regions (blue) in between the Te atoms show the distribution of the Cu deficiencies. At this local scale, ordering along the shorter c dimension of the nanocrystal is clearly observed. The order of the vacancies has a preference for a modulation of four average unit cells along the c axis. This behaviour is further confirmed by a Fourier transform calculated from images acquired along the [100] direction (see Supplementary Fig. 5 ). This suggests that the superstructure can be described using a unit cell of 7.51 Å Â 7.51 Å Â 30.04 Å. The ordering along one of the main crystallographic directions further explains the fact that the nanocrystals exhibit a non-isotropic cuboid morphology with one dimension different from the other two. As indicated in Fig. 4c , our results show that in local parts of the nanocrystal neighbouring Cu sites are Structure-property correlation. It is important to understand the correlation between structure and optical properties, including the effect of vacancies. Therefore, calculations of the dielectric properties were performed. The dielectric properties of the Pm-3n structure with all 24 Cu sites occupied were compared to the properties of the 7.51 Å Â 7.51 Å Â 30.04 Å superstructure created by the presence of Cu vacancies. The distribution of the Cu vacancies is based on the findings from the electron tomography reconstruction, where vacant Cu sites form 'channels' running through the nanocrystals. The remaining Cu vacancies that are not part of a 'channel' were assigned according to the principle that each of the subunits follows the given stoichiometry with a Cu/Te ratio of 1.5. It should be noted that different configurations for the remaining 24 vacancies are possible. However, additional calculations ( Supplementary Fig. 6 ) indicate that the positions of the remaining vacancies do not have a predominant effect on the optical properties. The dielectric function, e ab o ð Þ of the structure with and without Cu vacancies, was obtained from first-principles calculations within the density functional theory formalism as explained in the Methods section. In order to evaluate the importance of the vacancies, simulations of electron energy loss spectra based on the calculated dielectric properties were performed for cuboidshaped particles with a size of 25 Â 25 Â 15 nm 3 for both the structure with all Cu sites occupied and for a structure with half of the sites vacant. Whereas the energy loss spectrum from the structure without vacancies does not show any distinct maximum in the region between 0 and 2 eV, the model including vacancies predicts a distinct maximum in the low-loss function with a maximum around 1.35 eV (see Fig. 5a ). This activity is consistent with the experimental EEL spectrum (Fig. 5a ) that shows a band in the range between 1.1 and 1.7 eV. We additionally simulated the optical absorbance spectrum using the calculated dielectric properties, for cuboid-shaped particles with a size of 25 Â 25 Â 15 nm 3 dispersed in toluene. The calculated spectrum, with a maximum B1,005 nm, is in good agreement with the experimental one (maximum around 1,025 nm; 
Discussion
In summary, this work presents an accurate determination of the average structure of a previously unknown CuTe phase in a nanocrystalline form based on 3D electron diffraction data. A detailed study of the atomic structure using HAADF-STEM tomography revealed the presence of 'channels' of vacancies running through the nanocrystals. The obtained structure was used to calculate the corresponding optical properties, which were found to be in good agreement with experimental data obtained from real nanocrystals. These results not only explain the plasmonic properties of copper-deficient copper chalcogenides, but also demonstrate the application of atomic resolution tomography to reveal an unknown crystallographic structure of complex nanocrystals containing defects.
Methods
Materials. Chloroform (99.8%), TOP (90%), tellurium powder (99.997%), lithium bis(trimethylsilyl) amide (LiN(SiMe 3 ) 2 , 97%) and copper (II) acetate (98%) were purchased from Sigma-Aldrich. Oleylamine (80-90%) was provided from Acros Organics. Oleic acid (99%) and toluene (99%) were from Alfa-Aesar. All reactants were used as received without further purification.
Synthesis of CuTe nanocrystals. All steps of the synthesis were implemented using the standard Schlenk techniques (Ar-filled glove box, vacuum-line, Schlenk tubes) and Fischer-Porter bottles. This permitted to apply inert atmosphere during synthesis but also for previous handling of the reagents and final storage of the products. In a typical synthesis, a soluble form of tellurium was prepared by mixing 152 mg of Te with 5 g of trioctylphosphine and heating at 150°C under Ar for 1 h. The yellow TOP-Te solution was stirred at room temperature for 3-4 h. At a Fischer-Porter bottle containing 10 g oleylamine (80-90%) and 1.8 g oleic acid, 240 mg of Cu acetate was added. The TOP-Te solution was then transferred into the reaction mixture. An amount of 200 mg of LiN(SiMe 3 ) 2 was added, and finally the bottle filled with Ar gas was placed in an oil bath at 200°C for 20 min under stirring (700 r.p.m.), resulting in a dark brown colour. The solution was allowed to cool down to ambient temperature under inert atmosphere. The particles were collected by centrifugation with excess chloroform/acetone (1:1 volume ratio) at a speed of 6,000 r.p.m. for 6 min. The product was finally stored in toluene.
Material characterization. The PXRD pattern was measured using a Panalytical X'Pert PRO diffractometer with Cu-Ka radiation (1.54059 Å). Optical characterization was performed with an ultraviolet-visible-near-infrared (UV-Vis-NIR) Carry 5000 spectrophotometer using colloidal CuTe dispersions in toluene.
Electron microscopy. Electron diffraction data were collected using a JEOL 2100 transmission electron microscope operated at 200 kV equipped with a Gatan Orius camera optimized for acquisition of diffraction patterns. The sample was mounted on a dual-axis tomography holder (Fishione 2040). The sample used for HAADF-STEM imaging, electron tomography and EELS was prepared by first adding a droplet of the CuTe colloid in toluene onto a Cu grid covered with a thin carbon film. The grid was then kept in vacuum at an elevated temperature (120°C) for 1 h to evaporate residual organic content. HAADF-STEM imaging was performed using an aberration-corrected cubed FEI Titan operated at an acceleration voltage of 300 kV. For the tomography experiment, again a dual-axis tomography holder (Fischione 2040) was used. In order to minimize the geometrical distortions due to drifting, a series of 20 HAADF-STEM images was collected and aligned by cross-correlation before summation. EDX measurements were performed using a probe-corrected cubed FEI Titan equipped with a Super-X EDX detector system. A Mo grid was used in order to enable a quantification of the composition. EELS data were acquired using a cubed FEI Titan equipped with a monochromator operated at 120 kV. The EELS data from the particle and the carbon support were normalized based on the intensity of the zero-loss peak.
Crystallographic analysis. Electron diffraction data were collected using the RED method in order to obtain a 3D data set with fine sampling of reciprocal space. A goniometer tilt step of 2°was complimented by a finer beam tilt step of 0.1°in order to obtain a data set continuously sampling reciprocal space with a 0.1°step. The reconstruction from the tilt series of SAED patterns and the extraction of diffracted intensities were performed using the RED software 29 . Symmetry deduction was performed based on systematic extinctions. Reflection conditions were found to be hhl l ¼ 2n and 00l l ¼ 2n. Some weaker reflections were found to violate the conditions; this can both be due to multiple interaction as the particle passed close to the [001] zone axis during data collection as well as the presence of diffusely scattered intensities. The reflection conditions leave two possible space groups Pm-3n (No. 223) and P-43n (No. 218). The structure determination and refinement from the reconstructed reciprocal lattice were performed using direct methods implemented in the software SIR2011 (ref. 30 ). The higher-symmetry space group Pm-3n was selected as the sub-symmetry space group P-43n gave an equivalent result after structure solution and refinement. The internal symmetry residual (Rint) for the electron diffraction data in space group Pm-3n is 0.187 up to a resolution of 0.85 Å.
The least squares refinement of the structure resulted in a fit with good figures of merit, R ¼ 0.129 and a goodness of fit of 1.56. Structure determination based on data obtained with by an alternative experimental set-up, using only goniometer tilt, resulted in an identical structure model. Five projection images were used as an input for a tomographic reconstruction using a compressed sensing algorithm developed in earlier work 28 . From the resulting tomographic reconstruction, the heavier Te atoms were found to be in good agreement with the atomic positions determined from 3D electron diffraction. In order to improve the reconstruction, the positions of the Te atoms in one unit cell, as determined by 3D electron diffraction were used as a template, which was fitted to the 3D reconstruction using the compressed sensing algorithm. This results in a 3D similarity map in which a voxel with a value close to 1 is likely to indicate the centre of a unit cell. A threshold of 0.6 was used to determine the positions of the unit cells only containing the Te atoms. In this manner, a list with the estimated 3D coordinates of the Te atoms is derived and for each position, a 3D Gaussian is added to the reconstruction. Next, a continuous reconstruction algorithm is alternated with this template-matching method. Since the positions of the Te atoms can be refined using this procedure, the iterative coupling with the projection data will lead to a gradually improving 3D reconstruction of the distribution of Cu atoms.
Computational details. The quantity accessible to first-principles calculations is the dielectric function, e ab q; o ð Þ, which is in general a 3 Â 3 2nd rank tensor. The optical absorption and the electron energy loss are directly obtained from e ab q; o ð Þ. We evaluated the dielectric function in the independent-particle approximation for q-0 within the density functional theory formalism as implemented in the Vienna ab initio simulation package 31 . The projector augmented wave method was applied, where the Cu (3d 10 4s 1 ) and Te (5s 2 5p 4 ) electrons are treated as valence electrons. The exchange-correlation functional was calculated using the generalized gradient approximation of Perdew-Burke-Ernzerhof 32 . A 12 Â 12 Â 4 Monkhorst-Pack mesh was chosen to sample the first Brillouin zone and the energy cutoff of the plane wave basis set was set at 300 eV. For further details on the calculations see the Supplementary Methods and Supplementary Figs 7-11. Once we have obtained the dielectric function, the extinction spectrum is calculated for a cuboid-shaped particle with a size of 25 Â 25 Â 15 nm 3 , dispersed in toluene with refractive index 1.4968, using the DDSCAT code 33 , which is based upon the discrete dipole approximation. The EEL spectrum was simulated for a particle with a cuboid morphology and size of 25 Â 25 Â 15 nm 3 using the MATLAB toolbox MNPBEM 34 .
Data availability. Details regarding the presented crystal structure is available in CIF format in the Supplementary Information. Other data that support the findings of this study are available from the corresponding author upon request. Figure 5 | Optical properties of the material. (a) Simulated electron energy loss spectrum calculated from the structure model with half of the Cu sites vacant (green) shows a distinct maximum, as compared to the calculated activity based on the structure with all Cu positions occupied (blue). The experimental EEL spectrum after subtraction of the carbon background is shown for comparison in red. As an inset, a visualization of the morphology of the particle used for the simulation is shown. (b) Corresponding calculation of the optical extinction spectra in the Vis-NIR region shows that the structure with vacancies (green) has a significantly improved optical response compared to the model without vacancies (blue). The experimental spectrum is shown in red.
